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Why Develop Re-Usable
Launch Systems?

* The surface of Earth lies at the bottom of a deep
~ gravity well and a vast ocean of air

\

'K ...... the sheer speed required to attain orbit
iw demands a very high order of launch vehicle perform

» Although US acquired capability to place
payloads and people to orbit several decades ago

....... space travel is still an enormously complex,
expensive, and dangerous undertaking

* Extremely high cost of space access presents
g== =~ tremendous limitation to large-scale space
~¥%& | commercialization

....... to achieve a profit, value of current commercial
= payloads must literally exceed their weights in gold



- 3 s & L r. n r A ;""45 -l
'

Why Develop Re-Usable
Launch Systems? oo

SSI44 4000

A NASA Study Conducted in 1992 concluded that
In to achieve large-scale space commercialization
and/or militarization, then we must

-- 1) Reduce payload cost to low Earth orbit (LEO) from
$20,000 /pound to $1000 /pound within 10-20 years

-- 2) to $100 /pound within 25-30 years

-- 3) and finallly, to tens of dollars /pound within
40-50 years.
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i "l‘\ 4

Today )10 Years 225 Years

510,000/ $1.000/b £100i1b $101b $11b

1in 200 1in 10,000 1 im 1,000,000 1 in 1,000 000D 1im 2,000,000
Flights Fhights Flights Fhights Flights

None Yes Yes Mot Required Not Required

10 100 2,000 10,000 Millians
& Months 1 Day Z Hours 1 Hour

170 10 Mone None

Flight Mission Claas Space Aerospace Aur
Unigue Unique Traffic Control Trafffic Control | Trafffic Contro




NASA's Integrated Space
Transportation Program (ISTP)

55//4)4 ¢000 « NASA's long-range investment strategy for safer, mor:
reliable, and less expensive access to space

-- Enable U.S. aerospace industry to develop new,
privately owned and operated space transportation
NASA as a customer.

 ISTP consists of 3 major programs:

-- Space Shuttle Safety Upgradést Generation)

-- Space Launch Initiative, Near-term business plan
for NASA and its partners, Reusable Launch Vehic
(RLV) Program(2nd Generation)

-- Propulsion (ScramJet, combined-combustion cycle

Single Stage-to-Orbit (SSTO) Technologies, and
In-Space Transportation Syste(@isl Generation)



Integrated Space

WU Transportation Program
SS1A4A 4000 : \.

Pulse-Detonation
Engine

e Gen |l




Space Launch Initiative (SLI)

* While upgrading the Space Shuttle to keep it flying,

2nd Generation RLV Program activities in the Fiscal

Year (FY) 2001 to 2006 timeframe will be directed towards
-- technical and business risk reduction
-- development of enabling technologies

-- launch vehicle demonstrations



oLl Partrers - Industry

' SLI Awards

?nd Generation RLV Task Awards NRA 8 - 30 (31K)
Totals by Company (Base Contracts with Options)

Contract
Location Awand

Seal Beach, §138,212
CA §35417
§743%8
§15048
§6377
$i101

§94,319
$§3599]
§29473
0943
§ 4353
$811

iw by

Denver, CO

Technology Ares

(Total)

TA- | Systems S tudies
TA-2 Aiframe
TA-3 Velicle Subsystems
TA-4 Operations
TA-§ Propulsion

(Total)

TA- 1 Systems S tudies
TA-2 Aiframe
TA-3 Velicle Subsystems
TA-4 Operations
TA-5 IVHM
TA-9 NASA Unigue



Orhital Sciences

SLI Awards |
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Institute

Hemrid | aldms
F1eFh | = haaabag v

sfapes well

$83,128
$5973
$47. 150

{1,856
$ 1356

194,341

$7421]
$50.455
$36.465

§5,347
$5347

13,353

$13.353

$ 1,633

$ 1633

§ 4,900
$ 4900

7,657
$ 7657

$ 11,494
$ 5044
$ 6,450

(Total)
A1 Systerns Stadms

(Total)
TA-1 8 ystem 3 tudies

(Total)
TA- 1 Systerns Studies
TA-2 Auframe
TA-3 IVHM

(Total)
TA-2 Auframe
{Total)
TA-2 Auframe
(Total)
TA-2 Auframe

(Total)
TA-4 Operations

(Total)
TA-4 Operations

(Total)
TA-5 IVHM
TA-9 NASA Unique



General Kinetics

Fiim brdld g o
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Praft & Wiinery

Universal Space Lines
I WS

.\rlll:ril

Lake Forrest,

CA

anoga
Park, CA

‘East Aurora,

‘West Palm

Beach, FL

Seattle, WA

Seattle, WA

$37%
§ 376

$ 65,409

$2747
$62 662
t201
§501

§ 125817
§ 424
$125393

{6,545
$ 6545

$15.544
§ 15544

§7.607
§ 7607

$3.017

$3017

$135 400 %+

$135.400

(Total)
TA-56 Upper Stages

(Total)
TS Upper Suagss
pulsion

(Total)
TA-b Upper Stages

(Total)
TA-6 Upper

TA-E Pmp.-.um

(Total)
TA-7 Flight Mechanics

(Total)
TA-8 Propulsion

(Total)
TA-§ Propulsion

(Total)
TA-8 Propulsion

(Total)
T#- 10 Flight Demons rations

S LI AWardS Llﬂﬂu-ln" WA ivers ity cart ra $791 432 000




Space Launch Initiative (SLI)

e Intent is to have at least two competing architectures
that will go forward into full-scale development and
could be operational early next decade (2010 time frame)

* Holy Grail of this program -- Single-Stage-to-orbit (SSTO)

The Once and
Former
"Venture-Star"
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Why Is It So hard to get To orbit
IN a single stage?

Well... to understand that!
you DO have to be a rocket scientist!

A Quick Refresher on Rocket Theory
Why, What, and How
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e LR Its all About AV
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 Compute Required Orbital Speed for 160 km LEO

I TE
ViEo = \/E } =
_ N
3.986 x10" lfgg Srg @
/ _ -
160 km + 6371 kix 1000, 7 18105ec




},4/4@00 lts all About AV cons)

 Compute Earth Rotational velocity at 28.5 ° (KSC)
latitude next (ignore Earth oblateness)

Viot = Wearth X I'earth X COSI Lat] =

Earth

radian m m
0. 00007292%% |6371 km x 1000-1L km] X COSF?S%” radlan% 410"~ Sa(

« For Launch from the cape into @ 28.5 ° inclination orbit

required= m
AV et 781Osec 41Osecsec 7400gg¢




|tS a.” AbOUt AV (cont'd)

 Compute Earth Rotational velocity at equator
(Sea Launch) (ignore Earth oblateness)

VrotEa = Wearth X I'earth X COSL Lat] =

rth

adian m aris= 46511
0.00007292£281805 x(6371 ki x 1000, X COS0 rars= 465 1.

ired= ﬂ- m M ~ ﬂ
AVieaires= [810.g55 - 469gga5a ™~ 1390gge
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Its all About AV concudes )
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e LEO Launch AV's

Polar orbit: 7810 m/sec
KSC Launch: 7500 m/sec
 Equator Launch: 7350 m/s

e That AV takes a LOT! of Fuel
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How Much Fuel?
"The Rocket Equation”

Conservation of momentum leads to the so-called rocket
equation, which trades off exhanst velocity with payload
fraction. Based on the assumption of short mpulses with
coast phases between them, it applies to chemical and

nuclear-thermal rockets. First dertved by Konstantim
Tsiolkowsky in 1895 for straight-line rocket motion with
constant exhaust velocity, it 18 also valid for elliptical
trajectories with only mitial and final impulses.




The Rocket Equation

e You've all seen this derived before

.... SO here itis:
Tine t Tine t+At
—~ M AM —~ M-aM
[— . [— ”
- v ®ueﬁ [~ T+ AT
_>

(a) (b)




Specific Impulse

S/ 44 4000

ISpE

m — total impulse for duration of burn

\\rn — amount of propellants burned
P

Instantaneouslylsy =

dm /dt
p




Specific Impulse

(cont'd)

- Historically, lswas measured in units of

seconds

] (English Units

Lt

'Iprﬁ/sec

seconds, right

Wrong! |bms are not a fundamental unit for mass
(Slugs are the fundamental english unit of mass)

-
f
p

U

MKS units)—Nt

kg-mBe@ -m
~Sec

‘kglsec

kg/sec




Specific Impulse

(cont'd)

55/’4’4 ¢000 « Since most engine manufacturers still give ISIC
In seconds -- we correct for this by letting
ISpE ‘ﬂ [ ] 90 o~ 981 m | acceleration of gravity at sea level |
Jo M, see
English Units -- use slugs not Ibms!
Nt kg-mkee
kg/sec_  kg/sec
(MKS units) g gm =~ Sec
se@ see




SpeCIfIC ImPUIse (concluded)

e For chemical Rockets, |sp depends
on the type of fuel/oxydizer used

Vacuum Isp

Hydrogen (LH2) Oxygen (LOX)

Kerosene (RP-4) Oxygen (LOX)
Monomethyl hydrazineNitrogen Tetraoxide| 310
Solid propellants

Powered Al Ammonium Perchlorate| Z0

—» *» Most efficient rocket motor ever built, SSME, effective

|sp~ 435 see



Al 7

SSI44 4000

"Propellant Mass Fraction"

« How do we compute the amount of propellant required

M M. +M + M  fuel
0 — du payload +oxidizer — 1 4 p f
M. M, + M d
final dry payload
[]
M f_tae_l
P_.= + oxidizer
dry payload




"Propellant Mass Fraction"

Ramifications of the Rocket Equation

R .
- 3 s & [ r. n r § ;"’Ta-ﬁ‘, Y
1

SSI A4 4000

* Substituting P mi Into the Rocket equation

M
=1+ P
final

AN

N

AV = Qglgp I

burn

(hﬂnﬂﬂal)
M.
final

=G0 [P, |

burn




"Propellant Mass Fraction"

Ramifications of the Rocket Equation  (cont'd)

erV ]
___burn.
_ Jo |sp
 Solving foer1 (me)burn — -1

« Mass of Fuel and oxidizer required for a

burn to give a specified AV
] e[AV ] ]
___burn.
Jo Isp
-1

_|_
dry |\/lpayload} _ i

M fuel = [M

+ oxidizer
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40 |
me 30 |
20 |

10 |

"Propellant Mass Fraction"

Ramifications of the Rocket Equation  (concluded)

50 |

A little AV costs a
whole LOT! of fuel

/

y

/




Kelly Space & Technology
ECLIPSE Vehicle

SS144 4000

or
a little saved AV can save

a whole LOT! of fuel —
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me

50 |
40 |
30 |
20 |

10 " ssTO REGIO

"Propellant Mass Fraction"

Ramifications of the Rocket Equation  (concluded)

A little AV costs a
whole LOT! of fuel

T~

’Z

L =

1 2 3

AV [l

burn



Example Calculation:

% fr nr i I S
g

SSI44 4000

Propellant mass fraction required
for SSTO Ariane 4 Launch from Equator

m
. 7348.740 _ 081
Jo lsp [9.81£}x 260 sec]
sec

-1=| 16.84

N204/UH25 (Hypergolic propellants)



Example CaICUIathn (concluded)

Propellant mass fraction required
for SSTO Ariane 4 Launch from Equator

Ariane 4 with 2 strap on liquid boosters

Strap-On propellant mass: 2 x 87300 Ibom = 174600 lbm
Main Booster (stages 1 and 2) propellant mass: 582047 |

Gross take-Off weight: 851500 Ibm

_ 582047 +174600  _
- Pt = 851500- | 582047+ 174600 !

« Aint' No way its going SSTO!



How About the Shuttle?

M fuel
P — + oxidizer
burn M + M
dry payload
Wei ght (I b)
Goss lift-off . . . . . . 4,500, 000
Ext er nal Tank (fuII) . . . . 1,655,600
External Tank (lnert) . . . . 66, 000
SRBs (2) each at launch . . . 1,292,000
SRB inert weight, each . . . . 192,000
fuel = fuel } + [I\/I fuel } =
+ oxidizer + oxidizer + oxidizer
external tank SRB

(1,655,600 -66,000] + 2 [1,292,000 - 192,000 = 3,789,600 Ibs

. oxf:*de.'zer _ 3,789,600 a3
Maunch M ioaa  4:500,000 - 3,789,600




How About the Shuttle? o

SS1A4A 4000 « Compute Effective Shuttle Launch &

/th 2></th +3></th
| geffective): — B 1 SRB B ISSME -
p Mpropella e 2 X [I\/I propellan} + 3 X [M propellan}

burned burned

~'.'_‘ e ‘:u.__’ A
AW, ¥

2 x 2.65% 100 Ibs x 123 sedtbum) + 3 x 0.454x 10° lbs x 522 se(toum)

Ibm 0 -
[ 2% 1,100,000 Ibm  + ¥ 1040555 * 522 Se(gtbum)] [g_ﬂ

1,362,864,000 Ibf-588m.ft / Ibfsed -
3828640 Ibm tsee So0-df Sec




How About the Shuttle? s

« Compute Max availalbeAV for Shuttle Launch

AV = G lsp |n[1+ me]:

max

SSI44 4000

321742 x 355,97 seec In[1 +5.33 ] =
sec?

ft —
21134.32 L _=6441.75 L sac < 1394, 70 sac Nope!

« Shuttle ain't getting there either -- that's why
they have to dump the solids and the external tank

5= 500 secl) —U0SEC x 644175 misec = 9048.16 mis
—— 35397 seC
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Ramifications of
"the Rocket Equation”

- Any increase in AV must come from
Increasing | sp Or P m

-- First case ( Isp) requires adopting
a more efficient propulsion system

--Second case (mass fraction) requires
reduction of the structural mass or
reduced payload (for same vehicle weight)

-- Can't just add more propellant -- because
that means bigger tanks and the dry
weight rises proportionately

* Reducing payload to obtain more AV
IS a bad-tradeoff



Ramifications of
"the Rocket Equation” o

e Reducing Structural weight to increase
Pmf IS a viable option -- but it comes at a
high price (adds inherent risks )

4000

L f s R
. .'an ..-?"-",-,.;. ‘

SSIAA

-- lighter vehicle tend to damage more easily

-- reduced redundancy In critical sub-systems

-- there are limits as to how light a vehicle
can be

» Best Option is to increase efficiency
of the propulsion system (increase |  sp)

-- "easler said than done" -- requires
significant advances in propulsion
technology



(i ; 3 -:J
g ————r
, x 4

SSIA4 4000

Typical | sp'S

Cryogenic:

400 to 440 seconds
Hypergolics:

260 to 290 seconds
Electric (lon):

2,500-10,000 seconds
Nuclear:

1072 to 10”3 seconds
Antimatter:

1077 seconds

How do we "grow" |

If we could just get to here!!!

AN

lsp=500 secl]

500seC. x 6441.75 m/sec =

355.97 sec
9048.16 m/sec

Then SSTO is feasible

 Since nuclear rockets and matter-antimatter engines
aren't exactly off-the-shelf technology, and electric
propulsions systems produce very low thrust levels,
for now we'll just look at the chemical rockets.

shufi



Specific Impulse st

e For chemical Rockets, |sp depends
on the type of fuel/oxydizer used

Vacuum Isp

Hydrogen (LH2) Oxygen (LOX)

Kerosene (RP-4) Oxygen (LOX)
Monomethyl hydrazineNitrogen Tetraoxide| 310
Solid propellants

Powered Al Ammonium Perchlorate| Z0

« SSME -- VacuuntIsp 452.4, Launch Isp 360, Mean Isp 435
-- atmospheric losses kill effectiveness of the rocket engine

* But is there something we can do with the Nozzle?



Let's Learn About the Nozzle?
exactly what happens here?

Oxidizer o Propellants combine and
combustion  bUrN in combustion
Chamber  chamber

Combustion products
exhaust through throat

* Nozzle expands combustion
products, increasing velocity
& decreasing pressure

-

ThI’USt = ﬁ'IVEXIt + Ae}{it (PE}{lt - En)



Rocket Nozzle Primer
 Mass Conservation

Y -. T TRuRpa—eY 9"““, <
b . I_f_} r; f i:‘?"_':‘i"
' ae , >

SSI44 4000

o] dx
P —_—
' l

—_—

AT ] B
Thrust{ ™ . - o
+—|+«— Po To X T

o —

Cotmbustion
Chatnber
Mozzle

« Steady Flow: "continuity equation”

dim,] _ {d[pAdxw _ dx 1 _ -
- o -d{pAE} =00 | pxAx Vy = constant

e log form:

_ _ _or 9P _
d{In[pAV =constant = d{In[pAV | }=00 D +dAA‘+dVV—O




T
Thrust
-

Cotmbustion
Chatnber

In terms of Mach Number:

Nozzle Equation

daV - 2.
V= [z

Rocket Nozzle Primer o

 Mass Conservation




Ramifications of Continuity Equation

Nozzle Equation

aVv.-yz.1dA
v = M- 158

551;4;4 4000

« Amazing!
Subsonic M <1

dA 5o dV < (velocity decreases

> (0 (velocity increases)

A
dA .

A

v
daVv
V
1
dA 5 dTV >0 (velocityincreases)
dTV <0 (velocity decrease




<
N

X
o\

B

L]
T P
> ey, ", —
T T T A .
Po To 7 r:,']_f ;:J—h::f
l l ) N ‘?\"‘
i T -
M>1
L
A o "
—— EE e E S
g .o =
U':" L
} 4.0__—\ —— 1.0
Sé 3-0‘_ Pexit /P 0
sz 2¢- \ 0.5 P/IR
l.:—--'—/ \& 0.0
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Maximum Mass Flow is
Dependant on Propellant

{ mmax} = &
Athroa \/TT)

Condition for choked flow:

 maximum mass flow you can
shove through a nozzle

Combustion Characteristics

 >

mm aXx

Nozzle and Burner

_Athroat

Materials limit
what is achievable




Now let's Revisit | «

Isp — Trr%‘r]ust glc { Vgt + [ pex;:[n- pa] Ae}
1 | Pexit- Pal Ae }
gC { VeXIt i m/ Athroat Athroat

= « And after amiracle OCCUrS,
we get the result

SI;M w00

. _ i {p;xit_ Iga} |
(ﬁ) Pexity L+ 1 —
e R




|sp (WheW!)

i {pexit_ Pa
11+ : PP
exit) " )
(pPo T, |
Function of Prccz)ﬁee::]ailgttrgombustion Aex|t1 peX|t pJ f amew

(y+1)
Athroalﬁ/(y-l-l )(Vl) 2 {pexit \1/] \/ |1 ( i),
Aexit/ 2 V-l Py



sl Exit Pressure has a dramatic
ssi#dwoo  effect on Nozzle performance

Conical Nozzle Bekéo%f
\ |

most time spent here

Vacuum (Space)

Large area ratio nozzles
at sea level cause flow
separation, performance
losses, high nozzle
structural loads

BeElEm mn

Bell constrains flow
limiting performance



Lets Look at an SSME Example

5 e 3

SSIAA 4000
Thrust data I Combustor Data Area values |
Sea level Thrust (Ibf) | PO (psia)l Aexit (ftr2)
[%[375000.0 | '$/3125.000 | 44.89128
Vacuum Thrust (Ibf) | To (deg |:~| AT (ftAZ)I |
'%/470000.0 | ; 0.57922
| 6144.350
Ij’ | Ael/A*
Vacuum Isp| |0 01290
= 1452.50 |
z Pexit (psf) | A*/Ae |
= 77.50284
Exit mach | Ij’l407'30 |

4.70666 |

Exit Velocity |
113992.449|




SSME Thrust abn vs Altitude ()

S
AR H_H:H A
A° 660 F

SSIAA 4000

Thrust
|bf.

Altitude, ft.



v TR x
ALGHE P

SSIAA 4000

SSME | s sec) vs Altitude (1)

I sp
Sec.

Altitude, ft.



The "Optimum Nozzle"

e Expanding nozzle increases &it, but decreases
Pexit -- there is trade-off here

e It can be shown using variational calculus on
the relationships from the previous pages that
the Optimum nozzle performance occurs when

/ At - Pet = Pa
H Unfeasible because of the
-.\Iarge weight penalty and
& complexity of deployment
______ - E—— mechanisms, also requires

i : that nozzle expand to

“telescoping nozzle” Ve large area ratios




"Optimum Nozzle" --
but what would we gain?

000
e Let's re-visit the SSME, But this time we allow the
nozzle to expand so that P exit tracks P ambient

Exit Area (Ft°21

1E10

1E9 —
1E8 —
Aexit ) ft2 1E7 —
1E6 —
1ES —

1E4 —

1EZ — _,:/

1E2 — o

-
TE1 —j I I I

o 20000 100000 1350000

altitude ft



"Optimum NOZZIGH (cont'd)

e EXit Velocity

exit » S@C

altitude ft



"Optimum NOZZIGH (cont'd)

TR

SSIAA 4000 e Thrust

altitude ft




¥ . "Optimum NOZZIGH (concluded)
55144 4000 * ISp

lsp, S€!

altitude ft



What Would the New Isp be?

SSI44 4000

(
Ith 2% | Fdtj +3x1.072x|| Fdt
| g%ffective): — _J _ 1 SRB I 1 SSME —
Monstargyneg 2 Mrpmigt 3% (Mo

2% 2.65x 10° Ibs x 123sedbum + 3 x 1.072x 0.454x 10° Ibs x 522se¢bum) _

Ibm 0
12x1,100,000 bm +3% 10400M x 522 segoum) {g_ﬂ

1,415,513 472 Ibf-sapm-ft / Ibfseé -
828640 bm  fisee oo oo




What Would the New AV be?

« Compute Max availalbeAV for Shuttle Launch

AV = g lg Inf1+Py]3

MaX

5S4 4000

3217421 x369.72 sexIn[1+5.33] -
Sec?

ft
21950.67 <5 =|6690. 5 M sar < 13%. 7 sac Nope! But better!

o Still gotta find a way to lose the solids

|sp= 465.5 secl] -209.95€Cx 6441 75 m/sec = 8423.84 m/s
— 395.97 sec




"The Linear Aerospike
Rocket Engine”

-, el ol
g B AT T PR

S/ 44 4000

Engines fill base,
reducing drag

- -
el [ |
INSHRE- @

-
A5 <
VEAR e .71 EXPERIMENT




Voila! The Linear Fill in the base
Aerospike Rocket Engine and add fuel injectors
l;'l."ll ﬁ'l.l"l
H, ! Oy  Thruster . ' Q,
5; = (ultiple)  Chamber o
x::"‘ Throat
| B Turbine Exhaust
Nozzle 1 1 l Nozzle

ll'\“Eam

j T

~ Swap sides ...
4



Linear Aerospike Rocket Engine

TR Nozzle has same effect as telescope nozzle

SSI44 4000

Vacuum (Space)

Pambient (Pa)
Closed-Wake ‘
Base Prassure

(Pp = (Pa))

Subsonic
Reclrculation
Zone

Lift off
®,)

I:;mbinent

Cowl Lip

Pw (Ave)=Pa
(Altitude
Compensating)

Open-Wake
Inner
Plume Base Pressure

Boundary (Pb=f(Pa))

Plume Ail’ FIO‘W
Boundary

Recompression
Shock Wave

» Aerospike's flow unconstrained,
allows best performance

Frnuster = €05 O (MVexit + Aexit (Pexit - P, ))

A
Framp = j (P ey - P, ) dA
FEm:a = AEasa (FEasn - F:,b )

F= FThruster + FHEII'I'IF + FEase
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Linear Aerospike Rocket Engine

(cont'd) 2 M2

0
Hz—‘l}_ - Thruster Cnmhustiun}[% 4

" (ultiple) Chamber
: : “\-\“‘:‘
Low Altitude Aerodynamics P, Turbine Exhaust
. Nomle-14 | | | oxzle
Thruster __ Compression Wave L -
= ----- Expansion Wave . | Hase

R Roundany at o Thruster flow discharges to ramp
A Pm m;'é Elalrel:rgl & Expansion waves tum flow azially

& Famp curves, tuns flow axdally (at
low altitades)

& TUITInNgE causes compression wave
from (1) to 2) - nozzle pressue
IncIeases

a8 Compression wave 1eflects off
boundary causing expansion waves

# Flow c1osses eXpansion waves in (2)
- nozZzle pressue decieases

@ Famp confinues to curve and han
flow

@ Process repeats (2) to (3)

Diﬁance Along II'alulzzleI

.ﬂver*age nozzle preszure » P, therefore no losses or

separation, therefore large area rablo nozzle can be
Uzed, enabling BETO




Linear Aerospike Rocket Engine

(cont'd)

55/’4’4 WW High Altitude Aerodynamics Hﬁ"f e Hf"fu
2 tlStE; Combustion :
Th uster Pm \:‘ (mu] iple) Chamber 7{

Eﬂundﬂ Fe Turbine Exhaust
ngh ﬂﬂ:?:lﬂE Nozle | |

-

E

fm o
ol 8

& Thruster flow discharges o ramp

& Expansion waves hun flow
axdally

& Mo compression waves exist - all
flow tuming done by expansion
WAvES

I:ll'.n'u.'ailll & MNozzle behaves likes a bell

—
Distance Along Nozzle




"I---J-.\-h

- Slipstream
il air
Nozzle -z Boundary
Base ==

Nozzle Still air _

Wall . Slipstream
Pressure ‘\-/

L .Ir HI|I

I?:;:;' 1111111 -"u:::::..-lrr-- T T L L e

Distance ﬂllung Nozzle

Linear Aerospike Rocket Engine

(concluded)

0 0
c ]ﬁ_ - Thruster 'ﬁmnhus’t:iun}[2 =
13 Chamber
-
\‘Base
P Local < Pinrinity
@ Expansion and compression

w2 m'2
.. (multiple)
L \,:i
B Turbine Exhaust
Nozzle l | |
e
® Air steaming over cowl lowers
local pressure -
@ Exhaust phune expands beyond
shll air case
wave systems move aft from sl
All case
e Resulting recompression
Delays Nozzle separation

Bottom Line is that the Linear
Aerospike engine realizes about
50% of thetheoretical Isp gains
offeredby the Telescoping nozzle



Linear Aerospike Engine
Comparison to SSME

RS-2200: (Venture-Star)
Manufacturer: Boeing Rocketdyne

Weight: 8000 lbs.

Max Thrust: 520,000 Ibf (Liftoff)
564,000 Ibf (Spac

| sp: 420 sec (Liftoff)

460 sec (Space)
Mean Isp: 453.3

SSME: (Shuttle (Bloc/kllla)

Manufacturer: Boeihg Rocketdyne
Weight: 7,480 Ibs.

Max Thrust: 418,660Ibf (Liftoff)
512,950 Ibf (Spe
360 sec (Liftoff)
452.4 sec (Space

Mean Isp: 437.0

| sp:

3.7% better performance
~52% of the theoretical telecoping
Nozzle Isp gains



Full Scale Test of RS-2200
Rocket Engine

fam . -
£ A
" o + u 1
| it , '
‘TFiry
o vt R
. _ B

55144 4000

e July 12, 2001
NASA Stennis Space Center
Louisana

o Still a Viable Option
on the way to 500 sec Isj




.. =~ | Could Venture Star Actually
W Have Achieved SSTO?
SS|AA 4000

 Compute Earth Rotational velocity at 35
(Edwards AFB) latitude

Viet = Wearth X IEarth X COS! Lat] =

Earth

[0000072722 radian% ‘6371 km X lOOOk—W X C()Sﬁ%g radlan}s 379. 5%

required= M - M - M
= 7812, 300 - 379 510, = 743 1.




Venture-Star Fuel Capacities

Composite
Frimary
Structure

Encapsulated
Payload Cavity

Two Integrated
Aerospike Engines

Multilobe

LOX Tank Composite

= Multilobe
LHz Tanks (2]

Metallic TPS



SSI4A 4000
 LOX Tank Capacity: 635,000 liters

Venture-Star Fuel Capacities

 LH, Tank Capacity: % 900,000 liters

Max LOX Mass: 635 000 liters 1.14-<9.

Max LH, Mass: 2x 900,000 liters 0'07%

Metallic TPS

TOTAL CAPACITY:

2,435,000 LITERS

ror — (23900Kg || 1oTAL CAPACITY:

= 126,000 kg 849,900 kg
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i

SSI44 4000

Venture-Star Empty Weight

* Original Specs were set at 100,000 kg

GTOwr = 974,900 k

... but by 2000 that had grown to ~135,000 kg

e Target payload to LEO 25,000 kg, "dry weight only 3.6%
... Original Specs ---- 125,000 kg .

... 2000 - 125,000 kg GTOwr =1,009,900 k




Venture Star:

a ] ., sows A
" % '_'. 2| rrf R o

== Propellant Mass Fraction:
SSIAA 4000
e Based on original Dry mass, 100,000 kg
_ Propellant Mass Fraction:
Circa: 1995

849,900 Kg _ - -qc
125,000 kg 0.1

e Based on revised Dry mass, 135,000 kg

Propellant Mass Fraction:

Circa: 2000
849,900 kg _ ¢ 5.
160,000 kg




Venture Star:
Max AV Achievable:

= 1+ Pt | =
Circa: 1995 Avmax Jo ISpln[ * f]

9.81x 453.3In[ 1+6.799 | = 9133.9%

Required AV: 7432.8 m/sec

AV = go Ispln[1+me]:

max

Circa: 2000

9.81x 453.3In[ 1+5.312 ] = 8183.35%
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SS144 4000

When aerodynamic drag and engine inefficiencies are
factored in ... its very unlikely that the 2000 version of the
Venture Star could have achieved SSTO..... at least not with
any significant payload weight .

Additional weight growth was a killer! ... that's why the

composite tank rupture problems finally brought the
program to its knees



E e’ 3 Cryogenic Tank
: r X'33: What Compasie

- Material (M7-9TT

551)4 Went Wrong? Site of tank

de-lamination

LH 2 Fuel Tanks

Graphite/epoxy composite design intended to reduce structural weight,
and withstand load of fuel and forces exerted by other X-33 structures.

e Tank failed after qualification testing

While tank was filled with LH2 during testing air in composite structure was liquified

Resulting vacuum in tank honeycomb cells caused external Gplurge gas to be
drawn in from outside, and some gaseousz2ikvas drawn in from inside

After testing, when tank was purged of cryogenics, structured heated up, entrapped
liquified air returned to gaseous state, and large pressures within the internal cells
of the structure were created

Unanticipated large internal pressures caused catastrophic de-lamination
of the tank along the front lobe seam



— T

SS144 4000

Site of tank
de-lamination

e So for Now ... it apears the
human race will have to
settle for a TSTO (Two-
stage-to-Orbit) RLV at best




SSIA4




K-1 Specifications
and Performance

sm 4000

o Kistler K-1 is a two-stage vehicle projected for
full reusabllity at both stages.

® First stage engines: Three Aerojet/AJ26-58/-59 (NK-33) LOX/keros
__engines with a total sea level thrustigf20,000 Ibf.
-l

@ Second stage engines: One Aerojet/AJ26-60 (NK-43)
""q LOX/kerosene engine with a total vacuum thrust of 395,000 Ibf.

|' l

o #
\ NK-33/34 engiines developed for Soviet Manned Lunar Program

o u"'

mh @ K-1 vehicle gross liftoff weight of 841,000 Ibm (382,30@
*?‘“‘*-’ First stage: 551,000 Ibm (250,500

g Second stage: 290,000 Ibm (131,360

Soviet

N1F Sr



Aexit (ftn2)

Sea level Thrust (Ibf) |

|T’

339900.0 ‘

Vacuum Thrust (Ibf) |

IT,

378300.0 |

Vacuum Ispl

|T’

331.30 |

119.00457

A*  (ftr2)]

0.70382 |
AelA* |
0.03703 |

A*/Ae I

27.00189

Mdot (Ibm/sec)

1141.865378

Pexit (psf) |
'%/800.00 |

Po

(psia)

I‘S
7

2109.000 |

To

(deg F)

I‘S
7

4144.350 |




B NK-33 Engine Performance
SSI44 4000

Altitude




NK-43 Engine Specs

(Designed for Vacuum Operation)

Aexit (ft*2)| | Version of NK-33
'52.93035 | | with higher expansion
Sea level Thrust (Ibf) | A* (ftr2)] ratio nozzle for
3282757.8 ‘ 0.66123 | | Operation at altitude.
: Ael/A* | /
Vacuum Thrust (Ibf)l 0.01249 I )
'31397700.0 | aine |
4 ' '80.04834 |
Vacuum Isp|
|j : ‘ Mdot (Ibm/sec) Po (psia)
71328.30 '=12109.000 |
1141.831754 | £|2109.000 |
Pexit (psf) | To (deg F)

'31188.00 ‘ '%(4300.000 |




AxGal A coceleration (gl

Start Theothing of O

K-1 Mission Profile

b [

P at A0 THhrust

/
f

Phased Enging
Shutdmen Sequence
| |

Stage Sepa-ation

= S g o .t B o b o 5

oooo  DO43 0126 0210 Ox53 033 419 0502 0 (e ObJY
Time From Liftof (mn:sec)



57 ' Kistler K1: Stage 1 AV Capability

' (2750 Ibm payload to 900 km orbit)

My _ Mo X Thum N
IVlO i mp |V'O i r.np X Tburn

Stage 1: Ppe=

Furgnes X 1140 0 X 130 s 1
2760 on + 290,000 0n+551,0000m - 3pgree XL140 0 X 130 s

Sec

Vi = Qolsp T 1 +Pf = 9.81 32691 2.114:= 240070



g Kistler K1: Stage 2 AV Capability
V ¢00- (2750 Ibm payload to 900 km orbit)

SSIAA

mp — mp X Tburn ~
|VlO ) mp IVlO ) mp X Tburn

Stage 2: Py =

1140 2 x 210 ¢ i
2760 lom + 290,00080 - 1140 B X210

Sec

AVingy = G lp 1 #Pyf = 9.81x 348.3x I 5.49 = 58161,



Add in Earth Rotational
Velocity

SSIAA w00

45 deg. inclination launch from Woomera

Vigt = Wearth X FEarty X COSI Lat] 5

Earth

[0000072722 radian% {6371 km X 1000k_] X COS\‘&%’& radmn} 3. 276%

Vigr= Vit [Avmax}stage i [AVmax}stage 2~

Earth

1327.6+ 2400.7 + 581612 = 8544.3.

Sec



- | Kistler K1: Mission Requirements

94.4 km 900 km , stage 2 Burnout Altitude: 94.4 km

 Maximum Payload Altitude: (desired)
900 km

{ « Compute Transfer Orbit Eccentricity
and Semi-major AXis:

/ Payload to 900 km: 2750 Ibm

_ ::apogee_'l_ :peri.gee: (900 - 94.4km ~ 0.05865
apogee™ | perigee (900 + 6371 + 94.4 + 637m

_ Tapogee™ M'perigee_ (900 + 6371 + 94.4 + 637m _
ar = 5 = 5 = 6868.2 km




(concluded)

 Compute Required Velocity at (Perigee)
Stage 2 Burnout:

Voo o [ 2 I _
perigee— Rosriges ar
= 8.079KM
3.986x 105 kM’ 2 1 Se(
W/ | sec {[6371 +94.3km  6868.2 km} t
» Max V capability of K1 to LEQ ------------ > 8544_3%

Pretty close shave (we haven't factored in drag in
lower atmosphere) .... But, if they carefully optimize the
trajectory... they have a reasonable chance of
aChieVing the mission ( maybe buy stock options? .- )



The Kistler K-1: Any
Improvements Out there?

SSI44 4000

Center engine restarts and
135,000 ft. places the first stage on a
controlled return trajectory

Stage 1 Separation

‘ "n\** )

*Q‘ A

—

b N 25% of Stage 1 propellnt

ﬂi //h ,_ reserved for return



What if we didn't have to
reserve the 25% fuel

R - 3 »_nt_' ‘T
A, " =
g

SSI44 4000

25% reserve
Pni=1.114

AVmax = Jo Eo"{ 1 +Pn =
9.81x 326.9x I 2.114 = 2400.710~

no reserve
Pmi= 2.363

AVimax = Qo |_Sp|r{ 1 +me] =
9.81x 326.9x Ir{ 3.36:‘} = 3900.

1500 m/sed\V savings!

m
Isgc




Deep-Stall Controlled Return

J

A : B
SS|A# 4000

Deployable Flaps |
for Lee-Side
Separation Control

e So if You want a thesis project?
This is a SERIOUS Controls project!



